Abstract-The drive performance of permanent magnet synchronous motor (PMSM) can be deteriorated due to various disturbances. In this paper, the problem of speed control for a PMSM system with parameter uncertainties is investigated. A new control algorithm based on nonsingular terminal sliding mode control (NTSMC) is proposed, where the controller is developed for speed regulation. Compared with conventional strategies, this new controller provides improved performance for speed regulation of PMSM when subject to parameter uncertainties, in that it achieves fast dynamic response and strong robustness. Simulation studies are conducted to verify the effectiveness of this proposed method.
I. INTRODUCTION
Permanent magnet synchronous motors (PMSM) are widely used in industry owing to superior features such as compact structure, high efficiency, high torque to inertia ratio, and high power density, , particularly in applications of electric vehicles, airplanes, electrical-drive ships and so on [1] [2] [3] [4] .
Despite of all these advantages, the use of PMSMs is often subject to various disturbances [5] , which may be caused by either internal or external factors, for instance, friction force, working temperature and load disturbances. These disturbances can be characterized by parametric uncertainties in a PMSM model [6] , which may deteriorate the performance of a PMSM system, such as a decreased estimation accuracy of the rotor position. Meanwhile, PMSM is a typical highly nonlinear and multivariable system [7] , and its performance is sensitive to parameter variations.
A number of useful control strategies have been developed for improved operation of PMSM servo systems from different aspects, such as sliding mode control (SMC) [8] , proportion-integral-derivative (PID) control [9] , active disturbance rejection control [10] , adaptive control [11] , field-oriented control [12] , chaos control [13] , predictive control [14] , back stepping control [15] , nonlinear control [16] and so on Among them SMC is a robust method against disturbances and parameter uncertainties [17] , however, there are certain disadvantages in applying SMC to PMSMs, : one is the inherent chattering with the discontinuous control variable; the other is that SMC normally produces a large gain to restrain disturbances. The boundary layer is introduced to overcome chattering [18, 19] , but it is difficult to completely remove chattering [20] , especially when the width of boundary layer is very small or the control gain is very large [21] . Therefore SMC cannot guarantee the robustness in the presence of parameter uncertainties. Alternative methods need to be explored to increase the PMSM robustness ability. This motivates our work in this paper.
Nonsingular terminal sliding mode control (NTSMC) is known to be insensitive to parameter variations and disturbances. NTSMC not only has advantages in fast dynamic response, finite time convergence, high control precision [8] , but can also eliminate the paranormal phenomenon in the control input of the system. Compared with the traditional sliding mode control, NTSMC method is more capable of reducing chattering.
Considering the PMSM drive performance, the vector control scheme and the cascade control structure is adopted [21, 22] in NTSMC in this paper. Under this scheme, the flux producing components of the stator current and the torque are decoupled so that the independent torque and flux controls are possible as in DC motors. The cascade architecture offers advantages including the ability to resist parameter uncertainties and the improved response performance. Furthermore, one speed loop and two current loops composite the vector control scheme. A random parameter generator is added in the PMSM speed regulation system, which produces random parameters to cope with parameter uncertainties. Then an NTSM controller is designed to achieve the desired tracking performance in the PMSM speed system.
II. PMSM MODEL DESCRIPTION
A general PMSM model in the d-q reference coordinates can be described as follows [5, 6] From model (1), the relationship between the angular velocity and q-axis current is presented as follows,
With the Laplace transformation, it can be further rewritten as 
Therefore the second-order angular velocity model is obtained to be
Denoting ( )
to represent lumped uncertainty term, equation (7) is rewritten as
The control objective is to design a nonsingular terminal sliding mode controller to regulate the PMSM angular velocity.
III. NONSINGULAR TERMINAL SLIDING MODE CONTROL FOR THE PMSM SPEED REGULATION

A. Design of Nonsingular Terminal Sliding Mode Strategy
A second-order nonlinear dynamic system with uncertainties is considered as follows,
where
is an unknown function, the estimated value of
x , , which is a simplified function that is closed to
is taken as a bounded disturbance signal. The following constraint is satisfied: 
The control law design of NTSMC is
eq sw
( , ) k t x is the nonlinear gain as depicted by
In order to robustly drive the sliding variables converge to zero in finite time and considering the ( ) d t , second order super twisting algorithm is used to design the switching control ( , )sgn( ( ))
From (13) 
B. Nonsingular Terminal Sliding Mode Control For PMSM
The parameter uncertainties of the PMSM speed regulation system are described as ( ) d t in this paper. In the system (7), the desired rotor speed is denoted as r ω , and the tracking error is 
Take time derivative of the sliding mode variable , which is 1 ( ) 
From (9) and (10), it can be derived to have
Thus the second-order NTSMC becomes
Combining (17) - (19), the following control strategy is obtained: 
In sum, with the controller (26), the proof is thus completed.
According to the control diagram in Fig.1 
The nonsingular terminal sliding mode control for the PMSM speed regulation is shown in Fig. 2 . In order to make simulation study to real application of PMSM as close as possible, a Random Parameter module is added to the control scheme. This module produces random parameters, which are regarded as the parameter uncertainties. The completed NTSMC scheme for PMSM speed regulation is presented in Fig. 3 . Fig.3 . Speed relationship of PMSM system with parameter uncertainties based on NTSMC.
IV. SIMULATION ANALYSIS
In order to examine the proposed control strategy, a PMSM speed control system is built in MATLAB. Simulation for the proposed NTSMC strategy is performed on a PMSM with the parameters listed in Table I . Tracking dynamic performances of PMSM system based on the general SMC and the proposed NTSMC were compared in (a) -(d) subfigures in Fig.5 , respectively, the red curve describes the control performance based on the proposed NTSMC, and the blue curve illustrates the control performance based on SMC. Fig.5 (a) describes the speed control performance with the proposed speed controller. When the torque is introduced, the response of the PMSM system under NTSMC is faster than that under SMC. In addition, the chattering of the PMSM system with SMC is more serious, the torque error under SMC is also larger. Compared with SMC, NTSMC can track the given speed quicker with a stronger disturbance rejection performance. As shown in Fig.6 , the red curve describes the d-axis stator current control performance with SMC (a) and NTSMC (b), and the blue curve describes the parameter uncertainties. When the uncertain parameters are changing, the chattering of SMC is very severe, the range is hence very large. By contrast, NTSMC shows a much better control performance: the chattering is very small; there are no obvious changes following the increase or decrease of the random parameter variations. By comparing the results of NTSMC and SMC, it can the concluded that the robustness of PMSM speed regulation is enhanced with the proposed NTSMC. Fig.7 . The control scheme for the PMSM system with parameter uncertainties added at d-axis current loop.
A. Parameter Uncertainties Added at Rotor Position Loop
B. Parameter Uncertainties Added at d-Axis Stator Current Loop
As shown in the Fig.7 , the random parameter is added at d-axis current loop, which are bounded from -11.9 to +11.9A per 0.01 second. The rotor reference angular velocity of PMSM is 150 rad/second too. Simulation results are shown in Figs. 8 and 9 , respectively. As shown in Fig. 8 , the blue curve describes the control performance under the SMC, and the red curve describes the control performance under the proposed NTSMC. When the random parameters are included, compared with SMC, is the NTSMC has a faster time response and a smaller tracking error. In addition, the chattering of the PMSM system is largely reduced with the NTSMC approach. In view of the d-axis current loop is a negative feedback loop, and the d-axis reference current is 0 A, the random parameters are added at d axis stator current loop simultaneously. So it takes the opposite of random parameters and comparing with the d-axis current respectively as shown in Fig.9 , in which the red curve describes the d-axis stator current control performance with the proposed SMC (a) and NTSMC (b), and the blue curve describes the opposite of parameter uncertainties. It can be observed that the proposed two methods can both track the parameter uncertainties. The chattering has been reduced greatly based on nonsingular terminal sliding mode control, and two curves almost perfect coincidence. Hence, by careful investigation and analysis, it is known the NTSMC method has better robustness ability when the parameter changes.
V. CONCLUSION
A new NTSMC strategy has been proposed for the speed regulation of a PMSM system under parameters uncertainties. The simulation study shows that the proposed NTSMC can achieve satisfactory PMSM speed regulation performance with random parameter uncertainties. However, when the disturbances are at a more serious level, the chattering effect under NTSMC will be difficult to handle using the current strategy. Further study is undertaking to tackle this problem.
